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ABSTRACT

Background/Aims: There is uncertainty regarding the hepatic efficacy of glucagon-like peptide-1 receptor agonists (GLP-1R As)
in metabolic dysfunction-associated steatotic liver disease (MASLD) or steatohepatitis (MASH). We performed a meta-analysis
of randomised controlled trials (RCTs) to examine the efficacy of GLP-1RAs in treating MASLD or MASH.

Methods: We systematically searched three electronic databases from inception until April 2025 to identify RCTs examining
the efficacy of GLP-1RAs for the treatment of MASLD or MASH. The outcome measures included MASH resolution without
worsening of fibrosis or improvement in at least one stage of fibrosis without worsening of MASH, along with reductions in liver
fat content measured using magnetic resonance-based techniques. Meta-analysis was conducted using random-effects models.
Results: We identified 13 phase 2 or phase 3 RCTs (1811 participants). These trials diagnosed MASLD or MASH through liver
biopsy (n=4) or magnetic resonance-based techniques (n =9). Regardless of diabetes status, among individuals with MASH and
moderate-to-advanced fibrosis, GLP-1RAs (especially semaglutide 2.4 mg/week) for up to 72weeks were superior to placebo in
achieving MASH resolution (n=3 RCTs; pooled random-effects odds ratio 3.48, 95% CI 2.69-4.51; I>’=0%), and in improving
liver fibrosis (pooled odds ratio 1.79, 95% CI 1.37-2.35; I>’=0%). Among individuals with MASH-related compensated cirrhosis
(n=1 RCT available only), semaglutide did not lead to MASH resolution or improved fibrosis compared to placebo. Furthermore,
GLP-1RAs reduced magnetic resonance-measured liver fat content (n=9; pooled mean difference: —4.50%, 95% CI —6.60 to
—2.40%; I’=95.9%).

Conclusions: GLP-1RAs are a promising treatment option for MASLD or MASH. Further research is needed to evaluate the
long-term effects of GLP-1RAs on liver-related clinical events.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2025 The Author(s). Liver International published by John Wiley & Sons Ltd.

Liver International, 2025; 45:€70256 1of 16
https://doi.org/10.1111/1iv.70256


https://doi.org/10.1111/liv.70256
https://doi.org/10.1111/liv.70256
https://orcid.org/0000-0002-7271-6329
https://orcid.org/0000-0002-2186-9595
https://orcid.org/0000-0002-4235-2579
https://orcid.org/0000-0001-6322-7753
mailto:
https://orcid.org/0000-0002-4325-3900
mailto:giovanni.targher@univr.it
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fliv.70256&domain=pdf&date_stamp=2025-07-30

Summary

 In this comprehensive meta-analysis, we examined
published data from randomised controlled trials eval-
uating the efficacy of GLP-1 receptor agonists for the
treatment of MASLD or MASH in individuals with or
without type 2 diabetes.

« GLP-1 receptor agonists are a promising therapeutic
option for MASLD or MASH. Further studies are re-
quired to examine the long-term effects of these drugs
on the risk of developing liver-related clinical events.

1 | Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD), formerly known as non-alcoholic fatty liver disease,
has become the leading cause of chronic liver diseases world-
wide [1, 2]. The global prevalence of MASLD is estimated to
be approximately 30%-40% among adults in the general popu-
lation, ~60%-70% in individuals with type 2 diabetes mellitus
(T2DM), and ~70%-80% in persons with obesity [1, 2].

MASLD is a multisystem disease that creates a challenging
therapeutic landscape in which pharmacotherapy must ad-
dress both systemic metabolic dysfunction and liver disease
to reduce the risk of developing serious liver-related complica-
tions (such as cirrhosis, hepatic decompensation events, and
hepatocellular carcinoma) and extrahepatic cardiometabolic
outcomes (cardiovascular disease, chronic kidney disease,
and new-onset T2DM) [3-5].

In March 2024, resmetirom (a liver-directed thyroid hormone
receptor beta-selective agonist) became the first drug to receive
conditional approval from the US Food and Drug Administration
for treating adults with non-cirrhotic metabolic dysfunction-
associated steatohepatitis (MASH) and moderate-to-advanced
liver fibrosis [6, 7|. However, resmetirom has a neutral impact
on body weight and insulin resistance, and its long-term effect
on the risk of major adverse cardiovascular events is currently
unknown [8]. Furthermore, the relatively limited efficacy of
resmetirom in improving liver fibrosis and its restricted global
availability since approval highlight the need for other therapeu-
tic options for MASLD/MASH.

Since the pathogenesis of MASLD/MASH is closely linked to met-
abolic dysfunction and insulin resistance, and cardiovascular dis-
ease is the leading cause of death in people with MASLD/MASH
[5], it is believed that agents improving the cardiometabolic risk
profile could also improve MASLD/MASH-related outcomes [4].

Large cardiovascular and renal outcome trials have demon-
strated the effectiveness of glucagon-like peptide-1 receptor ag-
onists (GLP-1RAs) in reducing the risk of overall mortality and
adverse cardiovascular and renal outcomes [9-12]. Additionally,
some meta-analyses of Phase 2 placebo-controlled or active-
comparator-controlled randomised controlled trials (RCTs)
have shown that GLP-1RA treatment can reduce liver fat con-
tent (as measured by magnetic resonance-based techniques) and
is associated with histological resolution of MASH, although it

does not show improvement in liver fibrosis in MASLD/MASH
[13, 14]. While the benefit of GLP-1R As on liver fibrosis—that is,
the strongest histological predictor of mortality and liver-related
and extrahepatic complications in MASLD—remains uncer-
tain, these findings support the use of GLP-1RAs in people liv-
ing with MASLD who have cardiometabolic risk factors.

Understanding the hepatic effectiveness of GLP-1RAs on histo-
logical endpoints is critically important, given the increasing use
of these antihyperglycaemic agents in populations at high risk for
liver-related and cardiometabolic outcomes. Results from long-
term Phase 3 placebo-controlled RCTs assessing the efficacy of
GLP-1RAs are ongoing. Recently, Sanyal et al. reported results
from part 1 of the ESSENCE trial, a Phase 3 placebo-controlled
randomised trial involving 800 adults with biopsy-proven MASH
and liver fibrosis. This RCT examined the 72-week effect of once-
weekly subcutaneous semaglutide 2.4mg versus placebo on
MASH resolution without worsening of fibrosis and improvement
in fibrosis without worsening of MASH [15].

Therefore, in this updated and comprehensive systematic review
and meta-analysis, we examined the published data from Phase
2 and Phase 3 RCTs that evaluate the efficacy of GLP-1RAs for
the treatment of MASLD or MASH in individuals with or with-
out pre-existing T2DM.

2 | Materials and Methods
2.1 | Protocol Registration

The protocol of the meta-analysis was registered in advance on
Open Science Framework registries (https://doi.org/10.17605/
OSF.IO/HGVS4).

2.2 | Data Sources and Searches

We conducted this systematic review and meta-analysis fol-
lowing the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines. We systematically
searched the PubMed, Web of Science, and ClinicalTrials.gov
databases from their inception to April 30, 2025, to identify
RCTs evaluating the efficacy of GLP-1RAs in the treatment of
MASLD or MASH. The primary search terms (based on both
MeSH and free-text terms) included “non-alcoholic fatty liver
disease” (OR “NAFLD” OR “non-alcoholic steatohepatitis” OR
“NASH”) OR “metabolic dysfunction-associated steatotic liver
disease” (OR “MASLD” OR “metabolic dysfunction-associated
steatohepatitis” OR “MASH”) OR “metabolic dysfunction-
associated fatty liver disease” (OR “MAFLD”) AND “glucagon-
like peptide-1 receptor agonists” OR “GLP-1 receptor agonists”
OR “exenatide” OR “liraglutide” OR “lixisenatide” OR “albiglu-
tide” OR “dulaglutide” OR “semaglutide”. Searches were limited
to human studies without language restrictions.

2.3 | Inclusion and Exclusion Criteria

Studies were included if they were Phase 2 or Phase 3 placebo-
controlled or active-comparator-controlled RCTs involving
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adult (>18years old) individuals with MASLD or MASH (re-
gardless of their T2DM status) that examined the efficacy of
GLP-1RAs on MASLD or MASH. The diagnosis of MASLD/
MASH was based on liver biopsy or magnetic resonance-based
techniques, such as magnetic resonance imaging-proton den-
sity fat fraction (MRI-PDFF) or magnetic resonance spec-
troscopy (MRS). Among the active-comparator-controlled
RCTs, we included only trials with an active antihypergly-
caemic drug as a control arm for comparison (specifically
those involving participants with T2DM). We excluded
active-comparator-controlled RCTs that had a control arm
consisting of non-antihyperglycaemic drugs tested for their
potential hepatoprotective effects (e.g., fibroblast growth fac-
tor-21 [FGF-21] analogues, and farnesoid X receptor [FXR]
agonists—see Table S1). We also excluded RCTs using dual or
triple incretin receptor agonists, such as tirzepatide, survodu-
tide, cotadutide, efinopegdutide, pemvidutide or retatrutide.
Additionally, we excluded RCTs in which the diagnosis of
MASLD/MASH was based on methods other than liver bi-
opsy or magnetic resonance-based techniques. Finally, we ex-
cluded case reports, retrospective observational studies, and
non-randomised interventional studies.

2.4 | Data Extraction and Quality Assessment

Two investigators (AM and GT) independently reviewed the
titles and abstracts of all RCTs identified using the above-
mentioned inclusion criteria. Each RCT that met the initial
inclusion criteria underwent a full-text review by both investi-
gators independently. Any disagreements about the inclusion of
studies were resolved by a third independent investigator (RM).

For each eligible RCT, we extracted data on the publication year,
study country, sample size, participant characteristics (i.e., age,
sex, ethnicity, Body Mass Index [BMI], pre-existing T2DM, and
serum liver enzyme levels), follow-up duration, type of inter-
vention, dosages of GLP-1RAs or active drug comparators, and
methods used for diagnosing MASLD/MASH.

The risk of bias for each eligible RCT was assessed using the
Cochrane Collaboration tool by two independent authors
(AM and GT). Any disagreements in scoring were reviewed,
and a consensus was reached after discussion. The Cochrane
Collaboration's tool assesses seven potential sources of bias:
random sequence generation (selection bias), allocation con-
cealment (selection bias), blinding of participants and personnel
(performance bias), blinding of outcome assessment (detection
bias), incomplete outcome data (attrition bias), selective report-
ing (reporting bias), and other bias. For each of these domains,
we categorised each eligible RCT into three levels: low, unclear
or high risk of bias [16].

2.5 | Data Synthesis and Analysis

The primary outcome measures were changes in the percentage
of resolution of MASH without worsening liver fibrosis or an
improvement in at least one stage of liver fibrosis without wors-
ening of MASH. As secondary outcome measures, we collected
data on changes in the absolute percentage of liver fat content

using magnetic resonance techniques, as well as changes in
mean post-treatment values of serum liver enzyme levels, hae-
moglobin Alc and body weight.

For each RCT, the effect sizes of the primary outcome measures
between participants randomly assigned to GLP-1RA treatment
and those assigned to placebo or reference therapy are presented
as odds ratios (OR) and 95% confidence intervals (CI) for his-
tological resolution of MASH or > 1-stage fibrosis improvement
using both fixed- and random-effect models. For changes in liver
fat content (assessed by MRI-based techniques), serum liver en-
zyme levels, haemoglobin Alc and body weight, the effect sizes
are presented as mean differences (MD) and 95% CIs [17].

To evaluate the robustness of the observed associations, we con-
ducted subgroup analyses based on baseline MASH-related cir-
rhosis status (for RCTs using liver biopsy), study country, and
type of comparator drug in the control arm (for RCTs using
magnetic resonance imaging). We also performed univariable
meta-regression analyses to examine the potential effects of sex,
age, body mass index, proportion of pre-existing T2DM, and per-
centage changes in body weight during the trial on the observed
GLP-1RA-induced reduction in the absolute percentage of liver
fat content, as measured by MRI-PDFF or MRS. We also tested
for the possible excessive influence of individual studies using a
meta-analysis influence (leave-one-out) test, which eliminated
each included RCT one at a time.

A visual inspection of the forest plots was conducted to evaluate
the presence of statistical heterogeneity [17]. Statistical hetero-
geneity between studies was assessed using the chi-square test
and the I*-statistic, which estimates the percentage of variabil-
ity between studies attributable to heterogeneity rather than
chance alone [18]. The proportion of heterogeneity explained by
between-study variability was evaluated using the I?-statistic
and considered low if the I?-index was 0% to 40%, or substantial
if the I*-index was greater than 50% [18]. Publication bias was
assessed through visual inspection of funnel plots and the Egger
regression test [17].

All statistical tests were two-sided, and a p-value <0.05 was con-
sidered significant. We used R software (version 4.2.2/2022) for
all statistical analyses with the following packages: meta (ver-
sion 8.0-1) and metafor (version 4.6-0).

2.6 | Funding Source

There was no funding source for this meta-analysis.

3 | Results
3.1 | Search Results and Study Characteristics

The PRISMA flow diagram summarises the search and selec-
tion processes of the meta-analysis (Figure S1). After removing
duplicates and screening titles and abstracts, we identified 16
studies from the PubMed, Scopus, and ClinicalTrials.gov data-
bases for eligibility assessment. Subsequently, we excluded three
studies due to unsatisfactory inclusion criteria, as specified in
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Table S1. In total, 13 Phase 2 or Phase 3 RCTs met the eligibility
criteria and were included in the final analysis [15, 19-30].

The main characteristics of these 13 Phase 2 or Phase 3
RCTs (including eleven placebo-controlled and two active-
comparator-controlled trials) are detailed in Table 1. In total,
1811 middle-aged overweight or obese individuals with MASLD
or MASH were included in the study (>75% White individ-
uals; 43% men; 64% had known T2DM; mean age 52years;
mean BMI 33kg/m?; mean serum aspartate aminotransferase
(AST) 381U/L; mean serum alanine aminotransferase (ALT)
491U/L). These participants were treated for a median duration
of 26 weeks (interquartile range: 24-72weeks), with a median
of 72weeks for RCTs with liver biopsy data and a median of
26 weeks for RCTs using MRI-based data, respectively.

Participants who met the criteria were randomly assigned to
receive subcutaneous exenatide (n=2 RCTs), liraglutide (n=6
RCTs), dulaglutide (n =1 RCT), semaglutide (n =4 RCTs), or pla-
cebo/reference therapy specifically to treat MASLD or MASH.
The diagnosis of MASLD was based on liver biopsy in four RCTs
that included individuals with MASH and liver fibrosis (stages
F2 to F4), while the remaining nine RCTs utilised MRI-based
techniques (MRI-PDFF or MRS). Most of these RCTs specifi-
cally included individuals with T2DM (n=6 RCTs), while five
RCTs included participants with and without T2DM, and two
RCTs were conducted in individuals who did not have T2DM,
particularly those with obesity or women with polycystic ovary
syndrome. Two were active-comparator-controlled RCTs in-
volving patients with T2DM that compared GLP-1 RA use ver-
sus sitagliptin and/or insulin glargine. Three RCTs included
multinational cohorts (recruited in Europe, the United States,
and other countries), five RCTs were conducted in Asia (China,
Singapore, and India), and five were conducted in Europe
(the United Kingdom, France, Denmark, Germany, and the
Netherlands). Among the eligible RCTs with available data on
adverse effects, GLP-1RAs were generally well-tolerated and
had a similar adverse event profile to either placebo or reference
therapy, except for a higher frequency of gastro-intestinal symp-
toms, such as nausea, vomiting, constipation, diarrhoea, or ab-
dominal discomfort. However, these gastro-intestinal symptoms
were mainly transient and mild-to-moderate in severity across
the included RCTs. According to the Cochrane Collaboration's
tool, eligible RCTs were assessed to have a low risk of bias (n=15)
or a moderate risk of bias (n = 8); no studies were considered to
have a high risk of bias (as illustrated in Table S2).

3.2 | Effect of GLP-1RAs on Liver Histological
Endpoints

Figure 1 shows the forest plot and pooled estimates of the ef-
fect of GLP-1RAs on the histologic resolution of MASH without
worsening fibrosis. These findings are based on four placebo-
controlled RCTs involving 1262 participants randomly assigned
to placebo or treatment with liraglutide 1.8 mg/day, semaglutide
2.4mg/week, or semaglutide at doses of 0.1, 0.2, and 0.4 mg/day
administered subcutaneously. When analysing all these RCTs
together, GLP-1 RA treatment significantly increased the rate
of MASH resolution compared to placebo (n=4 RCTs; pooled
random-effects odds ratio 3.39, 95% CI 2.63-4.36, p<0.001;

I’=0%). Notably, after stratifying RCTs for MASH-related cir-
rhosis status at baseline, we found that in patients with MASH
and liver fibrosis (stages F2 or F3), GLP-1RA treatment for up
to 72weeks was superior to placebo in achieving MASH resolu-
tion without worsening of fibrosis (n = 3 RCTs; pooled odds ratio
3.48,95% CI 2.69-4.51, p<0.001; I>=0%). This beneficial effect
of GLP-1RAs on MASH resolution remained significant even
after excluding the Phase 3 RCT by Sanyal et al. (pooled odds
ratio 4.07, 95% CI 2.44-6.79, p<0.001; I?’=0%). Conversely, in
patients with MASH-related compensated cirrhosis (n=1 RCT
involving 71 individuals), once-weekly semaglutide 2.4 mg for
48weeks did not achieve MASH resolution compared to placebo
(pooled odds ratio 1.96, 95% CI 0.62-6.23).

Figure 2 shows the forest plot and pooled estimates of the effect
of GLP-1RAs on the improvement of at least one stage of liver fi-
brosis without worsening of MASH. In patients with MASH and
liver fibrosis, treatment with GLP-1RAs (primarily semaglutide)
for up to 72weeks was more effective than placebo in improv-
ing liver fibrosis without worsening of MASH (pooled odds ratio
1.79, 95% CI 1.37-2.35, p<0.001; I>=0%). However, this benefi-
cial effect of GLP-1RAs on fibrosis improvement was lost after
removing the Phase 3 RCT by Sanyal et al. from the analysis
(pooled odds ratio 1.50, 95% CI 0.98-2.28, p=0.062; I>’=0%). In
patients with MASH-related compensated cirrhosis, treatment
with semaglutide for 48 weeks did not lead to fibrosis improve-
ment (pooled odds ratio 0.29, 95% CI 0.08-1.04).

3.3 | Effect of GLP-1RAs on MRI-Assessed Liver
Fat Content

Figure 3 shows the forest plot and pooled estimates of the effects
of GLP-1RAs on liver fat content, assessed via MRI-PDFF or
MRS (n=9 RCTs involving 499 individuals who were randomly
assigned to either placebo/reference therapy or to exenatide 10
mcg/day, liraglutide 1.8 mg/day, dulaglutide 1.5mg/week, or
semaglutide at 0.4mg/day subcutaneously). Compared to pla-
cebo or reference therapy, treatment with GLP-1RAs for up to
26 weeks was associated with a significant reduction in the ab-
solute percentage of liver fat content (pooled mean difference
(MD): —4.50%, 95% CI —6.60 to —2.40%; p <0.001; I>=95.9%).
This absolute percentage reduction corresponds to a decrease
in the mean relative percentage change in liver fat content of
—35% for GLP-1RAs compared to —14% for placebo, respectively.
Similar results were observed when we examined the effect
of GLP-1RAs on liver fat reduction in placebo-controlled and
active-comparator-controlled RCTs, separately.

3.4 | Effects of GLP-1RAs on Serum Liver
Enzymes, Haemoglobin Alc and Body Weight

Figures S2-S4 show the forest plots and pooled estimates of the
effect of GLP-1R As on mean post-treatment values of serum liver
enzymes. Compared to placebo or reference therapy, GLP-1IRA
use was associated with significant reductions in circulating lev-
els of ALT (pooled MD: —9.991U/L, 95% CI —16.8 to —3.18 1U/L),
AST (pooled MD: —7.031U/L, 95% CI —13.43 to —0.631U/L) and
gamma-glutamyltransferase (GGT) (pooled MD: —18.291U/L,
95% CI —29.26 to —7.321U/L).

40f 16

Liver International, 2025

85UB01] SUOWIWOD SR 3|0 jddte U Aq peuLA0b a1 Sepe YO (88N JO S3|n Joj ARIgIT BUIIUO AB]IM UO (SUORIPUOD-PUR-SULBY/WOY"AB| 1M AReiq1feulju0//SdRY) SUORIPUOD PUe SLe 1 8U} 885 *[5202/80/T0] U0 Ariqiauluo AB]IM ‘winnuezsBunyasio- seyosineq Ueuyauen | WNALSZ Z)oUwRH Ad 95202°AI/TTTT 0T/I0p/w0d | mAzeiq1jeutjuo;/Sduy woiy pepeojumoq ‘6 ‘S0z ‘TEZEBLYT



(senunuo))

SJUIAD ISIDAPE JudTeAd1d Jsour oY)
a1om (0gadeld 90 “sa apnn[delr|
%97) uoryednsuod pue (oqaoderd
%ET *SA opuN[SeIl] %6L) BISNEN

pariodar joN

(Tow/fowrt [87°0— 03 84|
8¢ T— ‘[ID %S6] 9TVQH ueaw
‘/1owut [$0°0— 03 +°0—] 20—
‘(1D %S6] 9oua1aggIp dnoid-usomiaq
ueaw ‘ogadeld ‘sa apnnidelr))
9s0on[3 Surjse] ur suor}oNpal I193re]
ApueoyyTudis pasned opnnj3eary
(10°0>d [1®) SpA1y3-om) Jnoqe Aq
A'ISVIA Jo Qoudreadid ay) pue ‘o4
£q (Adooso1oads YA UO) JUIUOD J&]
I9AI] ‘(RUI[aseq W0} %9°6—) BYT'S
£q 1y31om Apoq paonpa1 apnnideary

(L00°0=4d ‘%96 F %S TT+
"SA %S°6 F %8'€T— JUAUOD Je]
JIOAT]) TUSWIIBAT) QOUSIJAI AU}

I pareduwiod “Juaju0d Jey
JI9AT[ UT UOT}ONPaI JuedTuUSIs
® PAONPUT OPT)RUIXT
(sdno18 usemiaq 2oUISJJIP
105 100°0=d S 80F 0~ 'sA

37T F5'5—) dnoid aprieuaxa ay) ul
PAIISqO sem SSOT JYJrom juedyrudis

62°0=d ‘%P 0F %L 0—
SA%E0F %L 0—) OTVAH Ul
juswaA0IduIl JR[TWIS © 0) PI]
JUDUIIBAI) QOUDIIJOI PUR SPIJRUIX

SY99M 97 ‘ISUT
(yz=u) 0qade[d 'd
(8v=u) Kep
/3w g1 apun[Selr] vV

syoam 9z :3SusT

(zz=u) oqaoeld :d
(zz=u) p1q Sowr

0T-S 9pHRUSXY 'V

<W/8Y €€ TING ‘%001
1X9S 9[RS ‘SIBAA Lf :93®
UBIW %00T :KIOTUYID Y
(1DY parjonuod-o0qaderd eg
aseyd) SYIN U0 'ISVIA pue
QwoIpuLs A1eao onskoAjod [0Z]
UIIM S9J2qRIP INOYIIM USUIOM YIewua( ‘8T0T ‘[ 39 SuIssoiq

T/0Ice LSV “1/N16C L1V
“%S°L OTVQH ;u/399¢ TNG
‘981 XS S[ew ‘s1edL 7S o5k
UBAW (%001 :AIOTUYID SIYM
(1LDY¥ parjonuod-oqaoeld ez
aseyd) SYIN U0 A'ISVIN Pey

woyM JO %56 ‘INAT.L YIM sjuaned [6T] @douel1d ‘9107 ‘[€ 32 In0OINQ

STeLI} [BITUI[D
paseq-aoueuosa dnduSeN

$399JJ9 9SI9Ape JofeIA

(d 10 D "SA 10) { ‘SA Y S9W09IN0
SSQUAAIIIJJO I0/pue AdedLJJH

q18udy 8,109
‘(1) SUOTIUIAIIIU]

[ERLEREIEN )]
Axyuno) ‘Iedx ‘aoyny

SOIISLIdYIRIRYD S, DY

‘Teak uonyesrjqnd pue HSVIA/AISVIA 10] pasn £3o[opoyjour

onsougerp £q paapio (SO PaI[013u0d-10)eIedWI0d-9AT)OR OM] PUE ST,DY PI[[01IU09-0qade]d UdAd[9) HSVIA 10 A'ISVIA JO Juduear) 9y} 10J Sy Y 1-dTO JO S[eLn) [edrur]d pasiwopuel [edoutld | T ATAVL

14783231, 2025, 9, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/liv.70256 by Helmholtz Zentrum Muenchen Deutsches Forschungszentrum, Wiley Online Library on [01/08/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

50f 16



14783231, 2025, 9, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/liv.70256 by Helmholtz Zentrum Muenchen Deutsches Forschungszentrum, Wiley Online Library on [01/08/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))

(ur31e[3 UINSUI 10J %8°ST "SA
OpIIeUdXa 10} %7 €T) sdnoid om)
9} U99M39q d[qeredurod sem
SJUAAS 3s19ApE Jo uoniodoid ayJ,

oqaoerd ur uey) dnoid
apnnidery 2y} ut Juenbaiy a1ow
1M (%0 "SA %EE) BIOYLIRID
pue (%L°9 'SA %00T) }10JWOISIP
[euTwropqe (%0 'sA %08) BISNEN

pariodar joN

dnoi3 joxyu0o ay3 ur uey)
QOUQISJWINIIID ISTeM PUB [NF
‘S[PAS] DD LSV LTV WSS Ul
pue ‘dnoid [oxyuod ay) 03 paredurod
(w89 F9'¢y— :LVAV) dnoid
9PIIBUIXD O} UI PISBIIIIP aNssh
osodipe [e130S1A U SUOI}ONPaL
19Yea13 UI PaI[NSaI OS[E JUSWIBAI}
OPNRUXH "(%ET F %9'L1— 18} JOAIV)
paonpai Ajuedryrudis sem Juajuod
JBJ IOAI] ‘JUSWIIBAT) OPIIBUIXD YA

syoam 9¢ Je 1ySrom Apoq pue
(T/N€EF97— SASEF65—) LTV
WIS (%L F %0L— SATETFI'8—)
Juajuod u.m.w .Hm>: ur mEOSUSUOH
Te[rwis pue (10°0 > d) jueoyrusdis
pey sdnoig jusunean oml ay,

(dnoi3 surdrer3 urnsur oy
ur jou nq) sdnoig undiSeis
pue opnN[3eII] 9Y) UI PasLaIIdp
Apueostyrudis Jysrom Apog
(€10°0=d ‘BT’ T F %69 03
%6°0 F %L°L ‘OUI3IR[3 UINSUI pue
9910°0=d ‘%T'TF %99 03 %6°0F %9'L
‘undr8ens 100°0>d ‘%L T F %89
01 %' 1 F %8, ‘opnnjdelry) sdnoid
JUSUI}BAI) [[B UI PAseaIddp OTVqH
dnoi3 surSre3 urnsur oy ur
jouIng (100°0=4d ‘%0°S F %L'TT
01 %9°S F % ST ‘undrdeirs
pU® 100°0>d ‘%' 9 F %S T1 0
%9°S F %¥'ST ‘Opunigeri]) 9t
o9 0} QUI[ASE] WOIJ PISLAIIP

ApueoyTugIs Ju9juod jej 19A1] ‘sdnoid

undrSeirs pue opnnideIr] ay) uy

syPam{Z :3Sus
(8 =u) Lep/3N/N1€°0-T0
surdre[S urmnsuy 'g
(8€ =u) p1q Sowr
0T-S 9PIEBUSXT 'Y

syoam 9z :y3SuaT
(ST =) (3s1219X3+131P)
UOTJUSAINUI J[AISJIT °g
(sT=u) Aep
/8w apnniSenT v

sYoam 97 :y1ua
(Lz=u) Kep
/Sw o1 undrSens
(rz=u) Kep/39/N1T°0
ourdre[d urnsuy 'g
(Pz=u) Kep
/8w g T spun[SeIry 'y

T/N18T ISV “1/NI8E L1V
“%€'8 OTVQH ‘ W/3 8T INg
£9%0S X3S 9B ‘SIBJA 8t :93¢e
UBSW ‘%0 0T :AJOTUYID URISY

(1D par[onuod-3nip
aAnpoe ez oseyd) I1dd-TIIN U0

A'ISVIA pue INAZ.L Yim sjusnied [€2] eUIYD 02T0T ‘T& 32 NIT

/018y LSV “1/N188 LTV -z
/S €€ TING %06 X3S o[BI ‘SIBIA T
:98e weAW (% 00T :AIOTUYIS URBISY
(1D9 parjonuod-oqaoerd eg aseyd)
AJAd-TYN U0 A'ISVIAL pue £31s9qo

M SJOQRIP INOYIIM SIUSNed [zZ] 210de3UIS ‘6T0T B 39 00U

T/0IEE LSV {T/NIsy LTV
9%L°L OTVAH ‘,W/338'6T ING
{969 X3S S[eW ‘S1edh 1 :95e
UBOW % (00T :AIOTUYID UBISY
(1D par[ornuod-3nip
aanpoe e oseyd) JAAd-THIN Uo

AISVIA pue NAZC.L YIm sjusiyed [TZ] BUIyD ‘610CT Te 30 UeX

$399JJ9 9sI3ApeE JofeA

(d 10 D *SA 10) { ‘SA Y S9W09IN0
SSQUAAIOIJJD I0/pue AdedLJJd

q38udf S, 109
‘(U) SUOTIUIAIIIU]

SonIsLIdldRIRYD S, DY [ERLEREIEN )]

Axnyuno) ‘Iedx ‘royny

(ponunuo)) | THATAVL

Liver International, 2025

6 of 16



(senunuo))

sdnoi3 om} o3 Surredwod
UM JUBOITUSIS JOU 9IoM
@Tr0=dL£0‘66'c—] edATE T
:SSQUIJTIS IOAT]) UBISOIQL UO
SSUZITS IOAT] UT SoSUBYD IN[0SqY
S[9A9] LTV PUB LSV WNIds
ur so3ued JUBIIFIUSIS-UOU Ul
pue (sz0'0=d[8'T— ‘v v—ID
9%S6] /N T"¢T— douaiagIp dnoid
-U99M)9q UBAW) S[OAJ] DD WINISS
ur uononpai 1931e[ Ajyuedijrudis
® UI paj[nsal apunideng
(#00°0=d:9'8— ‘T'tv—) %t 9T~ JO
o8ueyo aanera1 e pue (5z0'0=d 40—
‘9°9— ID %S6) %S €— JO JUIIUOI Jef
JIOAT] UT 9SUBYD 9IN[OSqE PAJOII0d
-[0I3U0D © UI paj[nsal opuniseng

SJUQAD SSISAPE PIje[al
-3NIp SNOLISS OU 1M 1Y L,

(BLOF%S'L OV BOTF%HTY
OTVQH 0Ga2e[d ‘%T"T F %E 'L 03
%1'TF%b 8 OTVQH opnn[3elr)
oqgooe[d "sA eprnielr] Jo 10950
jusur)eaI) JUBDFIUSIS € JNOYIM
sdnoi3 yjoq Ut pauIOap S[2A[

OTVQH pUe SOWAZUD IAI] WNIAS
(31 [9°2— “v'9— 1D %S6] S"v— 10910
JUSUNBAI) PAIBWNS? ‘ST EF 6°€6
018N T €1 F§ v6 0qaoe[d
BA6HIFE 601 NG EIF+7'86
opnnSelry) ySom £poq paonpal
Apueoyrudis ogaoerd sa apnnideary
(%[0T ‘€°S— 1D %S6] T'T— 1093)0
JUSUIIBAI) PAIRWUNISD (%0°0T F %L HT
01 %¥°6 F %b'8T 0qadeld %L 'L F %0°CT
01 %7 T1F %I"8T apuniselry)
sdnoid oy) usemiaq JUSISFJIp Jou
SBM JUDIU0D JEJ IQAI] Ul 9fuey)

SJUAD 9SIDADE PIJEB[AI
-3NIp SNOLIdS OU 219M I ],

SYeaM T :yISueT
(ze=u) 0gadeld '
(zg =u) Joom
/Sws T spnnideng v

syoam 97 :ISus
(97=u) 0qade[d 'd
(cz=u) Kep
/8w g T spun[SeIry 'y

T/QILy ISV “1/0169 LTV
9%%'8 OTVAH ‘,W/33 L'6T ING
$9%0L X3S S[eW ‘s1edK /1 :oFe
UBAW % (00T :AIOTUYID UBISY
(e LATT-d 9Y3 9180 [ensn 0}

uo-ppe [e11) [2qe[-uado) 1IAd-TIN
uo QISVIN PU® NAZL UM sjudiied

[sT] erpul ‘0Z0T ‘Te 33 Aeyonyy

T/NIEE LSV “I/NIHT LTV
“%€'8 OTVAH ‘W/3T€ ING
{9%6S XIS AW (S183L (09 95k
UBIW {%(0T :AIOTUYID SIYM
(1DY¥ paronuod-oqaderd
eg aseyd) SYW uo A'ISVIN [v7]
pue WAZL Uim sjudned SPUBLISYION {0Z0T '[B 19 oulzIg

$399JJ9 9sI3ApeE JofeA (d 10 D *SA 10) { ‘SA Y S9W09IN0

SSOUIATIIIIYJD 10/ put Aoedryyq

q38udf S, 109
‘(U) SUOTIUIAIIIU]

[CRLEREIEN )]
Axnyuno) ‘Iedx ‘royny

SONISLI9)oRIRYD S, LDV

(ponunuo)) | THATAVL

14783231, 2025, 9, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/liv.70256 by Helmholtz Zentrum Muenchen Deutsches Forschungszentrum, Wiley Online Library on [01/08/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

7 of 16



14783231, 2025, 9, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/liv.70256 by Helmholtz Zentrum Muenchen Deutsches Forschungszentrum, Wiley Online Library on [01/08/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))

juanbaiy jsowr aY3 (%176 "SA
%¢€°0€) BISNBU pUR (%T +T "SA
%¢€°0€) BOOYLIRIP )M ‘dnoid
0qaoe[d oy} uey) opnN[SeUdS
oy ur syuenjed a1owr £q pajrodax
SIoM SHVY [BUNSIUIONSED)

SJUAD 9SI9APE Jud[eAdld jsowr
oY) 1M (pNN[SeII] %8'ST "SA
surdre[3 urnsur %.'9 ‘sa oqaoerd
9%0) SUnIWOoA pue BasneN

JySrom Apoq pue dTYqH ‘SSWAZUD
JIOAT] WINISS PAsLIdAP opinSewas
7L oam Je 0qaoe[d pue
opinjSewos UdaM19q JUIISFIIP
AyuedryTudIs 10U 919M SSAUJFNS
JIOAI] UT duI[oseq wolj saguey)
(100°0>d [[®) TL PUE 8% ‘4T S32m
Je 9pNN[SLUWIS YIIM JUIIUO0D Jef
JIOAI] UT UOT}ONPAI %0€ < PIASIYIE
s300[qns a1ouwr pue ‘(1000°0>d
‘9970 ‘6£°0] 05°0 :0neI JUSUI B}
parewnsa) apnnjSewas Ym
1918213 ApuedyTugIS 919M JUIUO0D
JBJ JOAI] UL SUOIIONPAI ‘77 oM IV

S[OA9] LSV puUe [TV WNIdS pue
(enssp asodpe [e190s1A SUIPNOUT)
JySrem Apoq ur suononpal
juedyrudis ur paynsal opunSeng
07 JooM 0} dUI[aSkq WOIJ Juedryrusdrs
A[Teonsness jou sem 31 Inqg ‘dnoid
surdre[3 urnsur 9y} UT JUIIUOD JeJ
IOAT] UI 9S€ID9P B OS[E SeM I L,
(50'0>d “%9°€ F %L'ST 03
%S v F %8°ST :04998[d 1%6°E F %9°0C
01 %T"€ F %' 9T -opNN[Sell))
0qaoe[d 03 pareduwod Juaju0d
JBJ JOAI] UI 9SBAI9P JuedijIusIs
® UI poj[Nsal apinideary

syoam 7L YISue]
(e€=u) 0gade[d "d
(y€ =u) Kep/Swry0
apynewas v

SYoam 9z :y1Sua]
(0g =u) 0gaodeld D
(o€ =u) £ep/31/NIE0-T0
ouidre[3 unnsuy ‘g
(1€ =u) Kep
/Swg T opnniSeT v

T/Q10€ LSV “1/NILE LTV
‘{(sonaqerp I0J) %¢°L OTVAH ‘W

/89S TING %0/ XS 9[BW ‘S1BIL 09

:98e weow (%007 AIOTUYID ANMYM
(1D par[o13uod-o0qaerd eg
aseyd) Aydeidoise[e-T N pue
A4dd-TYN Uo d'ISVIA Yyilm pue

INAZT.L NOYIM/YIM SIUSIR] [£2] AuewiIan 1Z0Z & 19 UI[]

T/NI8C LSV “1/NIcE L1V
%L OTVAH ,W/3Y9°8T ING
%09 X3S J[RUI ‘SIBIA TS :93¢e
UBIUI {9%00T :AJOTUYID URISY

(310 TENSN 0} UO-PPE [BLY)
[oqe[-uado) SYIN U0 ATSVIN

pue NAZL YA sjuaned [92] BUIYD 0Z0T T8 39 OND

$309JJ9 9SI2APE JofeIN

(@ 10 D "SA 10) d "SA Y S9W02IN0
SSQUIATIIIJJD I0/pue AOedJJa

q38uaf 5,109
‘(1) suonudIAINU]

SONISLId)ORIRYD S, IO (90u21339Y)

Anuno) ‘xedx ‘royny

(ponunuo)) | THATAVL

Liver International, 2025

8 of 16



14783231, 2025, 9, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/liv.70256 by Helmholtz Zentrum Muenchen Deutsches Forschungszentrum, Wiley Online Library on [01/08/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

90f 16

(senunuo))

20'0=d “T/N16+SA LT~
:sdnoig ogooerd -sa spnnjdelr
) Ul LSV Wnias ur agueyd
91'0=d “T/IN TOT— "SA9'9Z—
:sdnoi3 oqaoerd 'sa spnndelr]
AU} Ul TV wniss ur aguey)
$0°0=d ‘%9¢ "SA %6
:sdnoi3 oqaoerd 'sa sprnjdelr|
oy} ut SuruasIom SISoIqLy
9t'0=d ‘%¥T "SA %9T
:sdnoi3 ogaoerd "sa aprnjdelr|
3} ul JuawaAoIdwr SISOIqQLT

0qaoe[d 0) paredwod dnoid
opin[3ell] 9Y) Ul SJUIAD ISIIAPE

Iro=d‘z'0saz0— :sdnoid
0qaoerd ‘sa apuniSelr| oy}
ur 23e)s s1so1qyy ut aguey)

%EE INATL Sunsixe-aid (%zs
(£30103s1Y UO) $-€ S1S0IqL]
“1/OITS ISV “T/O1TL LTV 2w

juanbaig jsowr oY) 1M (%ZT “SA
%61) SUNIWOA PUE (%61 "SA %8€)
BIOULIRID ‘(%8€ "SA %9%) Basneu
‘rernonied U "%G9 'SA %18 :0qadeld
"SA 9pTIN[3ell] oY} UT SIOPIOSIP
[eUIIS9IUTIOIISES 9JRISPOIN

+2°0=d ‘§'0— 'SA ¢ T— :sdnoid
0qaoe[d "sa apnn[delr] ay) ul
9109s SN J1301031S1Y Ul 23Uey)
610°0=d ‘%6 ‘SA %6¢ :sdno1d
0qaoe[d "sa apnn[delr oY) ul
HSVIA Jo uonnjosai d130[03STH

/S39€ TING %09 :XaS o[eW (SIBAL TS
:98e UBAW {988 :AITOTUYID AITY M
(Terny NVAT U :1DY
parjonuod-oqaderd qz aseyd)
Ksdorq 19A1] UO $-7.1 Sodels
S1501q1J pue HSVIN UiM sjuaned

SYooM 8¢ (ISUT
(97=u) 0qade[d 'd
(9 =u) Kep
/8w g T apun[delr] v

[82] wop3ury

pajun 9102 ‘Te 32 SuonswIy
sTer)

[earurd paseq-Asdorq I9AT

$399JJ9 9sI3ApeE JofeA (d 10 D *SA 10) { ‘SA Y S9W09IN0

SSOUIATIIIIYJD 10/ put Aoedryyq

q38udf S, 109
‘(U) SUOTIUIAIIIU]

SonIsLIdldRIRYD S, DY [ERLEREIEN )]

Axnyuno) ‘Iedx ‘royny

(ponunuo)) | THATAVL



14783231, 2025, 9, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/liv.70256 by Helmholtz Zentrum Muenchen Deutsches Forschungszentrum, Wiley Online Library on [01/08/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))

(uou sA %.T) Sunrwoa pue
‘(%8 "SA %6T) BOOULIRIP ‘(%LI "SA
%S¥) BOSNEBU 9I0M SJUIAD 9SIADE

UOWITIOD JSOW Y[, ‘SIUIAD
as1aape pajrodar dnoid yoes ul
sjuaned jo suontodoxd refruars

(%t "sA %L ‘ured [eurwopqe
PUR ‘% "SA %ST ‘SUNTUWIOA ‘%G "SA
%7z ‘amadde paseaIdap (%1 “sA

% ‘uonednsuod (1T “SA %zl
‘eaosneu) dnoid ogaoerd ay3 ur uey)
dnoi3 Sw-4°0 opnnSewas ay) ur
19y31y o10Mm uTed [eUTWOPqE pUR
‘Gunrwoa ‘oinadde pasea1dop

‘uonjedrisuod ‘easneu Yirm

sjuaned jo sagejuaorad oy,

uorssaidoid s1so1qiy ym
pajeroosse AInfur 1aA1] pue jej
I9AT] JO SIOMIBW QAISBAUI-UOU SB
[19Mm St JAd-TIIN £q JU33U00 Jey
JIOAT] UI UQ3S 9I0M Sjuawaroxdwr
‘opnnidewas yIm sagueyd
[ev130703s1Y Jo 3or] oY) Aidsa(
(67 0=d) monn[osa1 HSVIN
paaaIyoe oym syuaried jo
uontodoid ay) ur sdnoid usamiaq
QOUAISHIP JUBOIUSIS OU SeM I ],
(£80°0=d $T'T-90°0 1D %S6)
87°0 one1 sppo ‘(dnoi3 ogaoerd
Y} Ul %67 "sa dnoid aprniSeurss
oY) Ul %11) HSVIA Jo Suruasiom
INOYIIM SI0W I0 33e)S JUO JO
SISOIQIJ I9AI] UI JuswdAoIdw Ue
m sjuanied jo uonaodoid oy ur
sdnoid om} oY) UIMI9q SOUIIJIP
JUBOIUSIS OU SEM 3I3U) ‘St oM IV

(100°0>d) dnoi3 oqgaoerd ay3 ur
%T pue dnoid Sw-° oY) Ul %ET
sem Ssof JySrom Juadrad uesy
S[A9] LSV puU® TV WNIIS Ul
suononpal juapuadop-asop ur
PoI[NSaI 9pNIN[SLUIAS YIIM JUSUIIBAL],
(8'0=d) dnoi8 oqgaoerd a3 ur
sjuaned ay3 Jo %¢¢ pue dnoid Sw-°Q
9y} ur syuanyed ) JO %EH Ul PaIINdd0
93e)s s1so1qry ur yuawaAoiduwy
(ogooed 'sa Swi 0 apnnSewas 10y
100°0>d) dnoi3 oqooerd oy} ur %L1
pue ‘dnoid Sw-°0 9y} Ul %6S ‘dnoid
Sw-z0 oY1 ur %9¢ ‘dnoid Swi-1°0 oY
Ul %0+ Sem SIS0IqIJ Jo SUIUISIOom ou
IIM PIAJIYOR SBM UONIN[OSAT HSVIA
woym ut sjuanjed Jo 95ejuadiag

Syoom 8¢ (I3uST
(rz=u) 0qade1d 'd
(L =u) eam
/Sw iz apnniSewas v

syoamz/ TYI3uaT
(08=1u) 0gadeld '
(zg=u) Kep
/Sw0 Spunidewas D
(8L =u) Kep
/Swiz'0 opnniSewas g
(08 =u) Aep/3w 10
spnndewos 'y

T/0Ivy ISV “1/N1Ty L1V
(%T°LITVAH) %SL ‘INATL
Sunsixe-a1d L, w/3Y 6 < TING
‘9T€ XIS S[BWI ‘SIBIA G 66 :ade
UBAUI {9/ :KJOTUYIR SYIY M
(1DY parjonuod-oqaderd
qg oseyd) Asdoiq 19411 UO (y1
93e1s) SIsoy1I10 pajesuaduiod
POIR[RI-HSVIA 1M Sjudnied

/NIy ISV “T/NIPS LTV (%L
OTVQH) %29 :INAZL Sunsixe-aid ¢ w
/89 L'SE TING ‘%T+ X3S o[BW ‘STBIA GG

98 U 9%/ / :AIOTUTI ATYM

(1D¥ paronuod-0qaverd qg
aseyd) £sdoiq 1oA1] UO (¢-T So3eIS)

S1S01qJ pue HSVIN IM sjuaned

[og] vSn ay3 pue adoing

UI SAIJUSD Q€ W) S[ENPIAIPUL
JO 310400 [eUON}BUIIUT

‘€70 T8 39 BqUIOO']

[62]

SOLIJUNOD 9T WOIJ S[BNPIAIPUT
JO 310100 [RUOT)RUIIU]

‘120T 'Te 19 SWOSMIN

$399JJ9 9sI3ApeE JofeA

(d 10 D *SA 10) { ‘SA Y S9W09IN0
SSQUAAIOIJJD I0/pue AdedLJJH

q38udf S, 109
‘(U) SUOTIUIAIIIU]

SONISLI9)oRIRYD S, LDV

[CRLEREIEN )]
Axnyuno) ‘Iedx ‘royny

(ponunuo)) | THATAVL

Liver International, 2025

10 of 16



‘SnI[[OW $a39qRIp 7 9dA) ‘INAZL 811} PO[[0IU0D pasiwiopuel ‘1.0 SH1Iedayo3esls pajeIoosse-uonounysAp o[[0qelow ‘HSV A ‘OSBaSIP I9AI] O1)0JB}S PIJRIOOSSE-UONOUNISAD JI[0qRIdW ‘(IS VIA ‘UOIIORI) JBy AYISUap
uojoxd-Zurdewr souruosal onoudew ‘JIAd-TYN ‘Adoosorioads souruosal onougew ‘SYA ‘oseraysuenjfweins-ewwes ‘[ OO Xopul SSeW Apoq ‘[IN{ OSeIdjsuejourwe ojeledse ([ SV OSBISJSUBIJOUIWE SUIUR[E [TV :SUOIIBIARIQQY
"HSVN 10 A'TAVN Se pa[1aqe] A[[eu1S1i0 919M HSVIA/ATSVIA ‘PIPNIOUL S[BLI} [ROIUIO PISIUOPURI ISOW U] :2J0N

dnoi3 oqaoerd oy ur uey)y
dnoi3 apnnjdewas oy} ur
19U 31y 919M (%9°S "SA %9°8T)
Sunrwoa pue (%8 SA %7)
uonednsuod (%Z1 "SA %LT)
BIOULIRIP ‘(%ET "SA %9€) BasneN

0qaoe[d 03 paredwod OTVqH
pue JySom Apoq Se [[oMm Se ‘S)Sd)
SISOIQIJ QAISBAUI-UOU PUE S[OAJ]
1SV pue [TV WIS Ul SUONONPaI
JUBOIIUSIS UI PAI[NSaI 9pIIN[SeUWoS
(100°0> d) dnoig ogaoerd
93 Ul 9s0Y) JO %'z pue dnoid
opniniSewsas ay) ut syusned oY) jo
%8°9¢ Ul PAIINIJ0 SISOIQLJ IAI] JO
93e3s auo 3589 Je UT JusuraA0Idw|
(0qaoed "sA apnn[dewas 10§

100°0>d) dnoi3 oqaoerd oy} Ul %< €

pue dnoid opnni3ewas o) ul %6°79
SeM STSOIQTJ JO SUTUISIOM OU [ITM
PIASIYOE SeM TONNTOSAT HSVIA
woym ut sjuanjed Jo 95eIuadidg

syoamz. qiSua
(997 =u) ogaoeld ‘g
(PES =u) Joam
/8w 'z spnniSewss v

T/01€S ISV “1/N189 LTV (%T'L

OTVQH) %SS :INAZL Sunsixa-aid <, w
/899 %€ TING ‘%S XS 9w ‘S183K9G

:98® ueAW 9,9 :AJIOTUYID ANYM
(Tern3 AONASSH 243 :10Y
paronuos-0qaded ¢ aseyd)
Ksdo1q 19A1] U0 (¢ 10 Z,J so3eIS)
SISOIQIy pue HSVIA UM sjuaned

[sT] sernunos
L€ WOIJ S[ENPIAIPUT JO 31040
[eUOIIRUINU] {STOT ‘Te 19 [BAURS

$399JJ9 9sI3ApeE JofeA

(d 10 D *SA 10) { ‘SA Y S9W09IN0
SSQUAAIOIJJD I0/pue AdedLJJd

q38udf S, 109
‘(U) SUOTIUIAIIIU]

SONISLI9)oRIRYD S, LDV

[ERLEREIEN )]
Axnyuno) ‘Iedx ‘royny

(ponunuo)) | THATAVL

14783231, 2025, 9, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/liv.70256 by Helmholtz Zentrum Muenchen Deutsches Forschungszentrum, Wiley Online Library on [01/08/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

11 of 16



Study or No of events / total Odds Ratio, IV, Weight (%), Weight (%), Odds Ratio, IV,
subgroup GLP-1RAs Control common + random (95% Cl) common random common + random (95% Cl)
!
Non-cirrhotic MASH E
Armstrong, 2016, Liraglutide (1.8 mg) 9/23 2/22 : 23 23 6.43[1.20; 34.41]
Newsome, 2020, Sema (0.1 mg daily) 23/57 10/58 0: 8.6 8.6 3.25[1.37; 7.69]
Newsome, 2020, Sema (0.2 mg daily) 21/59 10/58 0—;— 8.5 8.5 2.65[1.12; 6.30]
Newsome, 2020, Sema (0.4 mg daily)  33/56  10/58 —%—o 85 8.5 6.89 [2.90; 16.35]
Sanyal, 2025, Sema (2.4 mg weekly)  336/534 91/266 —‘:- 67.3 67.3 3.26 [2.40; 4.44]
Total (95% Cl), common 729 462 <> 95.2 . 3.48[2.69; 4.51]
Total (95% Cl), random <> . 95.2 3.48[2.69; 4.51]
Heterogeneity: t° = 0; x° = 3.48, df = 4, P = 0.4812; I = 0% i
i
Cirrhotic MASH \
Loomba, 2023, Sema (2.4 mg weekly) 16/47 5/24 + E 4.8 4.8 1.96 [0.62; 6.23]
:
Total (95% Cl), common 776 486 <> 100.0 . 3.39[2.63; 4.36]
Total (95% Cl), random <> 100.0 3.39 [2.63; 4.36]
Heterogeneity: °=0; x°=4.38, df=5, P=0.4962; 1°=0.0% f ! ' !
0.1 0.5 1 2 10

Test for subgroup differences (common effect): xz =0.90, df =1, P = 0.3425

Test for subgroup differences (random effects): XZ =0.90, df =1 P =0.3425

FIGURE1 | Forest plot and pooled estimates of the effect of GLP-1RAs on the histologic resolution of MASH without worsening of liver fibrosis,
compared to placebo, in RCTs stratified by the presence of MASH-related cirrhosis at baseline (n =4 placebo-controlled RCTs).

Study or No of events / total Odds Ratio, IV, Weight (%), Weight (%), Odds Ratio, IV,

subgroup GLP-1RAs Control common + random (95% Cl) common random common + random (95% Cl)
T

Non-cirrhotic MASH o

Armstrong, 2016, Liraglutide (1.8 mg) 6/23 3/22 . 2.8 7.0 2.24[0.48; 10.35]

Newsome, 2020, Sema (0.1 mg daily) 28/57 19/58 —:—0 11.7 18.0 1.98 [0.93; 4.22]

Newsome, 2020, Sema (0.2 mg daily)  19/59  19/58 —E— 11.1 17.6 0.97 [0.45; 2.11]

Newsome, 2020, Sema (0.4 mg daily)  24/56  19/58 : 115 17.9 1.54 [0.72; 3.30]

Sanyal, 2025, Sema (2.4 mg weekly) ~ 198/534 60/266 58.8 30.2 2.02[1.44; 2.83]

Total (95% ClI), common 729 462 95.9 . 1.80[1.38; 2.34]

Total (95% Cl), random 90.7 1.79 [1.37; 2.35]

Heterogeneity: t = 0.0014; x? = 3.17, df = 4, P = 0.5291; 1> = 0%

Cirrhotic MASH

Loomba, 2023, Sema (2.4 mg weekly)  5/47 7124 41 9.3 0.29[0.08; 1.04]

Total (95% Cl), common 776 486 100.0 . 1.67 [1.29; 2.16]

Total (95% Cl), random

100.0 1.42[0.90; 2.23]

Heterogeneity: ©>=0.1469; %?=10.71, df=5, P=0.0574; 1=53.3% ! !

0.1
Test for subgroup differences (common effect): xz =7.54,df =1, P =0.0060

Test for subgroup differences (random effects): Xz =7.51,df=1P =0.0061

FIGURE 2 | Forest plot and pooled estimates of the effect of GLP-1RAs on improvement in > 1-stage liver fibrosis without worsening of MASH

compared to placebo, in RCTs stratified by the presence of MASH-related cirrhosis at baseline (n =4 placebo-controlled RCTs).

Figures S5 and S6 show the forest plots and pooled estimates of
the effect of GLP-1RAs on mean post-treatment values of body
weight and HbA1lc levels. Compared to placebo/reference ther-
apy, treatment with GLP-1RAs was associated with significant
reductions in body weight (pooled MD: —4.48kg, 95% CI —6.08
to —2.88kg, p<0.001) and HbA1lc levels (pooled MD: —1.30%,
95% CI —1.69% to —0.91%).

3.5 | Subgroup and Meta-Regression Analyses

A subgroup analysis by study country revealed that the ob-
served GLP-1RA-induced reduction in liver fat content (as

measured with MRI-based techniques) was consistent in RCTs
conducted in both Europe and Asian countries (Figure S7). We
also conducted univariable meta-regression analyses to explore
the potential influence of moderator variables on the observed
reduction in liver fat content, expressed as absolute percentage
and measured by MRI-PDFF or MRS (Figures S8-S12). These
meta-regression analyses suggested that sex, age, BMI, pre-
existing T2DM, and percentage changes in body weight during
the trial did not significantly affect the effect size for the GLP-
1RA-induced reduction in liver fat content, although the influ-
ence of body weight change during the trial was marginally
significant (p =0.059). Finally, we also conducted a leave-one-
out meta-analysis to examine the influence of each RCT on the
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Study or Mean (SD) / total Mean Difference, IV, Weight (%), Weight (%), Mean Difference, IV,
subgroup GLP-1RAs Control common + random (95% CI) common random common + random (95% CI)

l
Placebo |
Dutour, 2016, Exenatide (10 ug) -8.00 (2.0000) / 22 1.00 (2.0000) / 22 —— E 4.9 14.6 -9.00 [-10.18; -7.82]
Frossing, 2017, Liraglutide (1.8 mg) -1.57 (0.4100) /48  -0.23 (0.7100) / 24 :‘ 725 15.3 -1.34[-1.65; -1.03]
Khoo, 2019, Liraglutide (1.8 mg) -7.00 (7.1000)/ 15 -8.10 (13.2000) / 15 —_— 0.1 5.1 1.10 [ -6.49; 8.69]
Kuchay, 2020, Dulaglutide (1.5 mg) -5.80 (1.0000) /27  -2.30 (1.2000) / 25 0 E 18.8 15.1 -3.50 [ -4.10; -2.90]
Bizino, 2020, Liraglutide (1.8 mg) -6.30 (7.1000) / 23 —-4.00 (4.6000) / 26 S 0.6 10.9 -2.30[-5.70; 1.10]
Guo, 2020, Liraglutide (1.8 mg) -5.80 (3.6000) / 31 —-0.10 (4.1200) / 30 —— E 1.8 13.5 -5.70 [ -7.64; -3.76]
Flint, 2021, Semaglutide (0.4 mg daily) -14.60 (14.9000) / 34 -4.90 (13.5000) /33 ———————+ — 0.1 5.9 -9.70 [-16.50; ~2.90]
Total (95% Cl), common 200 175 : 98.9 . -2.22[-2.49; -1.96]
Total (95% Cl), random <> . 80.4 -4.45[ -7.04; -1.86]
Heterogeneity: <2 = 9.5082; 52 = 193.01, df = 6, P < 0.0001; I* = 96.9% .

!

|
Active comparator .
Yan, 2019, Liraglutide (1.8 mg) -4.00 (4.5000)/24  -0.80 (5.3000) / 24 -— 0.9 12.1 -3.20 [ -5.98; -0.42]
Liu, 2020, Exenatide (10 ug) -17.55(12.9300) / 38 -10.49 (11.3800) / 38 0—5—:“ 0.2 75 -7.06 [-12.54; -1.58]
Total (95% CI), common 62 62 O 1.1 . -3.99[-6.47; -1.51]

|
Total (95% Cl), random <> . 196 -4.38 [ -7.86; -0.89]
Heterogeneity: < = 2.5389; ° = 1.52, df =1, P = 0.2181; I° = 34.1% i

P
Total (95% Cl), common 262 237 6 100.0 . -2.24 [ -2.50; -1.98]
Total (95% Cl), random < 100.0 -4.50 [ -6.60; —2.40]
I T T T T 1

Heterogeneity: 1>=7.5184; 1?=196.46, df=8, P < 0.0001; 1?=95.9%
Test for subgroup differences (common effect): ;(2 =1.93,df=1,P =0.1648
Test for subgroup differences (random effects): 12 =0.00,df =1 P =0.9747

FIGURE 3 | Forest plot and pooled estimates of the effect of GLP-1RAs on the absolute percentage of liver fat content, assessed by magnetic

resonance-based techniques, in RCTs stratified by the type of comparator drug (n="7 placebo-controlled and n=2 active-comparator-controlled

trials).

overall effect size estimate for hepatic histological endpoints and
MRI-measured liver fat content and to identify potential influ-
ential studies (Figure S13).

3.6 | Publication Bias Testing

As shown in Figures S14 and S15, the funnel plots were quite
symmetrical. The Egger's regression test did not indicate any
statistically significant asymmetry in the funnel plots of the
RCTs examining the effects of GLP-1IRAs on MASH resolu-
tion (p=0.703) or improvement in liver fat content (p =0.151),
as evaluated by MRI-based techniques. Although the number
of RCTs included was fewer than 10, these results suggest that
publication bias was low.

4 | Discussion

To our knowledge, this is the largest and most comprehensive
meta-analysis of Phase 2 or Phase 3 RCTs that used GLP-1RAs
for the treatment of MASLD or MASH. The meta-analysis in-
corporated 13 placebo-controlled (n=11) or active-comparator-
controlled (n=2) RCTs from different countries (including the
recent Phase 3 ESSENCE trial) that aggregated data on 1811
middle-aged individuals with overweight or obesity for whom
the diagnosis of MASLD was based on magnetic resonance-
based techniques, and MASH=liver fibrosis was assessed his-
tologically [15]. Most individuals included in these RCTs had
comorbid T2DM, accounting for ~65% of participants.

The main and novel findings of this meta-analysis indicate that
among individuals with MASH and liver fibrosis (stages F2 or

F3), treatment with GLP-1RAs for up to 72weeks was better
than placebo in achieving MASH resolution without worsen-
ing of fibrosis (n =3 placebo-controlled RCTs; pooled odds ratio
3.48, 95% CI 2.69-4.51; I?’=0%) and also in improving at least
one stage of liver fibrosis without worsening of MASH (pooled
odds ratio 1.79, 95% CI 1.37-2.35; I>*=0%). In contrast, for in-
dividuals with MASH-related compensated cirrhosis (only one
small phase 2 RCT available), treatment with semaglutide for
48weeks did not improve liver fibrosis or lead to MASH res-
olution compared with placebo. However, larger RCTs with
longer follow-up durations are needed to confirm this finding.
Additionally, GLP-1RA use for up to 26 weeks was associated
with significant reductions in liver fat content, measured by
MRI-based techniques (=9 RCTs; pooled mean difference:
—4.50%, 95% CI —6.60 to —2.40%; p<0.001), and in serum liver
enzyme levels. The meta-analysis also found that GLP-1RA use
was significantly associated with weight loss (~4.5kg) and a de-
crease in haemoglobin Alc levels (—1.3% or —8 mmol/mol) com-
pared to placebo. Our meta-regression analyses also showed that
sex, age, BMI and T2DM status at baseline, as well as changes in
body weight during the trial (although this last factor was found
to be marginally significant), did not influence the observed
GLP-1RA-induced improvement in liver fat content. However,
these latter results should be interpreted with caution, as fewer
than 10 RCTs were included in meta-regression analyses.

The evaluation of the RCTs included in the meta-analysis
reveals a paucity of large, high-quality RCTs with a suffi-
ciently long duration and liver biopsy data, which is the refer-
ence method for assessing drug-induced resolution of MASH
or >1-stage liver fibrosis improvement. To date, only four
placebo-controlled RCTs (three Phase 2 trials and one Phase
3 trial) have examined the hepatic efficacy of GLP-1RAs
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(subcutaneous liraglutide or semaglutide) on MASH resolu-
tion and fibrosis improvement. These are the two liver his-
tological endpoints requested by the FDA for the conditional
approval of a drug candidate for the treatment of MASH, and
they are the histological features most closely associated with
the risk of dying or developing liver-related and extrahepatic
complications in MASLD [4, 31].

That said, compared to other previously published meta-
analyses of RCTs examining the effect of GLP-1RAs in MASLD/
MASH (including one from our group) [13, 14, 32-34], it should
be noted that the inclusion of the recent Phase 3 ESSENCE trial,
which compares once-weekly subcutaneous semaglutide 2.4 mg
versus placebo for 72weeks in participants with MASH and
fibrosis stages 2 or 3 [15], has allowed us to show, for the first
time, a significant improvement in at least one stage of liver fi-
brosis without worsening of MASH. This finding has not been
previously demonstrated in any earlier meta-analysis of Phase 2
MASH clinical trials using GLP-1RAs alone, or in other recently
published meta-analyses that included not only GLP-1RAs but
also dual or triple incretin receptor agonists, such as tirzepatide,
survodutide, efinopegdutide, or retatrutide [35]. The benefit of
GLP-1RAs (primarily semaglutide 2.4 mg/week) on the sever-
ity of liver fibrosis is clinically relevant and is also supported by
significant improvements in non-invasive fibrosis tests (such as
ELF score, serum PRO-C3 levels, and liver stiffness by vibration-
controlled transient elastography). Long-term data from part 2
of the ESSENCE trial are ongoing to evaluate the effect of sema-
glutide 2.4 mg weekly on the risk of liver-related clinical events
over 240weeks [36].

Compelling evidence shows that GLP-1RAs offer clinical ben-
efits that extend beyond long-term glycemic control. These
antihyperglycemic agents provide significant advantages in re-
ducing the risk of all-cause mortality and adverse cardiovascu-
lar and renal complications for patients with T2DM and obesity
[9-12]. These findings further support the long-term use of GLP-
1RAs in individuals living with T2DM and MASLD.

The findings of this meta-analysis may have significant clini-
cal implications. From a clinical perspective, we believe that the
evidence supporting the hepatic effectiveness of GLP-1RAs in
resolving MASH, along with the improvement in liver fibrosis,
is clinically important, especially considering the growing bur-
den of MASLD and MASH worldwide and the adverse effects
of these conditions on the risk of long-term liver-related and
extrahepatic cardiometabolic and malignant outcomes [3-5]. In
these RCTs, GLP-1RAs were generally well-tolerated, with ad-
verse event rates not exceeding those of the placebo, except for
a higher frequency of transient, mild-to-moderate gastrointes-
tinal disorders. Notably, real-world retrospective observational
cohort studies (involving about 1.5 million patients with T2DM)
using an emulated target trial design have also shown that com-
pared to DPP-4 inhibitors or other antihyperglycaemic agents,
the use of GLP-1RAs is associated with a significantly lower
risk of liver-related clinical events, such as incident cirrhosis,
hepatic decompensation events, or hepatocellular carcinoma
[37]. GLP-1RAs align with the American Diabetes Association
recommendations as the preferred option for adults with T2DM
and MASH, or those at high risk of liver fibrosis [38, 39]. Other
Phase 2 and Phase 3 MASH therapeutic trials are also ongoing,

investigating the effects of tirzepatide (a dual GLP-1/GIP recep-
tor co-agonist) and other dual or triple incretin receptor agonists
on liver histological endpoints and long-term liver-related clini-
cal events [40-42].

A detailed discussion of the potential mechanisms by which
GLP-1RAs could exert their beneficial effects on MASLD/
MASH is beyond the scope of this meta-analysis. Nonetheless,
these mechanisms are complex and not fully understood. It
is reasonable to assume that the hepatoprotective effects of
GLP-1RAs are multifactorial, resulting from their combined
positive effects on hyperglycaemia, insulin resistance, and
overweight/obesity, as well as their positive effects on the
liver, which can be at least partly independent of weight loss
[42, 43].

The main strength of this study is its use of a systematic review
method to identify all relevant RCTs (published up to April 30,
2025) that meet the predefined inclusion criteria. This provides
the most current assessment of the hepatic effectiveness of
GLP-1RAs, including the newest MASH therapeutic trials (the
ESSENCE trial). Additionally, most of the included RCTs used
MRI-PDFF or MRS, which are currently the two most accurate
imaging techniques for measuring changes in liver fat content,
although their accuracy in assessing MASH and liver fibrosis
stage is somewhat limited [44]. Finally, the results of the four
placebo-controlled RCTs with liver biopsy data showed no het-
erogeneity among the studies included in the meta-analysis
(I*=0%), supporting the notion that the hepatic effects of GLP-
1RAs on MASH resolution and fibrosis improvement are consis-
tently effective in a clinical context.

Our meta-analysis has important limitations inherent in the in-
cluded RCTs. First, as previously mentioned, most eligible RCTs
had relatively small sample sizes and relatively short treatment
durations. Second, only one Phase 3 placebo-controlled RCT
(the ESSENCE trial) with liver histological endpoints as the
primary outcome was available for the meta-analysis. Third,
most RCTs enrolled overweight or obese individuals with
MASLD and T2DM (predominantly of White race), highlight-
ing the urgent need for RCTs involving people without T2DM
and non-obese individuals with MASLD from diverse ethnic
backgrounds. Finally, because of significant sex-related differ-
ences in the prevalence, risk factors, and clinical outcomes of
MASLD/MASH [45], future adequately powered RCTs should
be designed to evaluate sex-related differences in the response
rates of MASLD/MASH to GLP-1RA treatment.

In conclusion, the results of this updated meta-analysis strongly
support the hepatic effectiveness of GLP-1RAs (mainly semaglu-
tide 2.4 mg/week) in reducing liver fat content, achieving resolu-
tion of MASH, and improving liver fibrosis in individuals with
MASH and fibrosis, regardless of T2DM status. While we await
results from Phase 3 randomised controlled trials designed to
evaluate the long-term benefits of GLP-1RAs on liver-related
clinical events, these findings suggest that GLP-1RAs are a suit-
able treatment option (either alone or combined with other liver-
directed pharmacotherapies, such as resmetirom, peroxisome
proliferator-activated-receptor agonists, or FGF-21 analogues)
for individuals living with MASLD or MASH, especially among
those who are obese or have T2DM.
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